ABSTRACT
Introduction

Diffusion-weighted imaging (DWI) is a well-known noninvasive technique that is
used to obtain tissue microstructural information by measuring water diffusivity in various tissues, including cancer [1] . DWI signal intensity changes in different b-values were proposed to be caused by microstructural conditions such as cell density, length of cell membrane, cell size or shape, and the ratio of intracellular to extracellular space that influences the water diffusion [2, 3] .
The apparent diffusion coefficient (ADC), calculated using the mono-exponential decay function of DWI signal intensity with two or more b-values, has been reported to be useful in head and neck squamous cell carcinoma (HNSCC) cases for differentiating benign and malignant tissues, and to assess therapeutic efficacy and predict treatment outcomes [4, 5] . Although the biological characteristics of sinonasal and pharynx SCC are somewhat different and these two types of HNSCC also slightly differ in regard to characteristics such as causes, risk factors, frequency of lymph node and distant metastases, and treatment strategies, the utility of the ADC was reported for both types of HNSCC [4] [5] [6] . However, the water diffusion behavior in cancer tissues is complicated, and it is difficult to explain the water diffusion behavior in a completely free water diffusion model using the mono-exponential decay function. This is due to the complex structures such as the capillary network and cell membranes in each pixel. Such a complicated structure can cause the behavior of water diffusion to resemble non-Gaussian (restricted) diffusion rather than Gaussian diffusion calculated by mono-exponential fitting.
Advanced fitting models for DWI were recently described [7] [8] [9] [10] [11] [12] [13] . For example, a model using intravoxel incoherent motion (IVIM) was proposed; by using the bi-exponential decay function, it divides the fast and slow diffusion components, which reflects the true tissue diffusivity and capillary perfusion, respectively [7, 8] . A tri-exponential fitting model was also described that divides the three different diffusion components by using a tri-exponential decay function [9, 10] . This multi-component analysis by a tri-exponential model may reveal more details of the water diffusion in cancer tissue compared to a bi-exponential model. A stretched exponential model (SEM) diffusion model was described as follows: the SEM model was used to describe the heterogeneity of water diffusion in each voxel. In this model, to obtain a good fit to multiple b-value signal decay data, the two parameters of diffusion heterogeneity and diffusion coefficient are respectively calculated [11, 12] . A diffusion kurtosis imaging (DKI) model also uses the diffusion distribution information. In this method, the degree of difference (= kurtosis value) from the Gaussian distribution in the water diffusion distribution is calculated by the Taylor expansion, and this kurtosis value was used for the correction of the multiple b-value signal decay curve [8, 13] . These different non-Gaussian diffusion models can fit the diffusion signal decay curve more precisely, reflecting tissue characteristics such as lesions of the capillary network, the extracellular extravascular space (EES), and the cellular space more clearly and in greater detail.
The three purposes of the present study were to: (1) determine which diffusion model best fitted the multiple b-value signal decay curve, (2) assess the correlations among the multiple diffusion parameters obtained by the various fitting models, and (3) identify the correlations between the diffusion parameter derived from the multiple fitting models and the parameters derived using the dynamic contrast-enhanced (DCE) perfusion technique.
Materials and Methods
Patients
The protocol of this retrospective study was approved by our institutional review board, and written informed consent was waived. We evaluated the cases of 32 patients with HNSCC who were treated at our hospital during the roughly 3-year period from September 2012 to November 2015. All patients fulfilled the following inclusion criteria:
(1) the patient was first diagnosed (not a recurrent case) histopathologically as having HNSCC, (2) magnetic resonance imaging (MRI) including both multi b-point diffusion and DCE perfusion MRI were performed within one scanning before any treatment. The primary lesions of 12 patients were in the sinonasal cavity (10 males and two females; mean age 63.6 yrs, range 47-77 yrs; T stage of T3 in two patients, T4a in seven patients, and T4b in three patients). The primary lesions of the other 20 patients were in the pharynx or oral cavity (17 males and three females; mean age 61.2 yrs, range 45-77 yrs; T2 stage in four patients, T3 in four patients, T4a in seven, and T4b in five). The lesion location in the patients with a pharynx SCC included the oropharynx and hypopharynx only; there was no nasopharynx SCC.
Imaging protocol
DWI acquisition
All MR imaging was performed using a 3. 
DCE perfusion acquisition
The DCE perfusion data were acquired after a bolus injection of 0.2 mmol gadolinium/kg (gadopentetate dimeglumine, Magnevist, Bayer Schering Pharma, Berlin, Germany; or gadodiamide, Omniscan, GE Healthcare, Milwaukee, WI, USA) at 2 mL/s using a power injector, followed by 15 mL of saline flush. Image acquisition was performed using a three-dimensional (3D)-T1 fast field echo (T1-FFE) sequence. 
Data analysis
Diffusion data calculation
From the diffusion signal data, we calculated each parameter of the ) for the parameter calculation of ADC, DKI and SEM. To perform these parameter calculations, we used the following equations [7, [9] [10] [11] [12] [13] :
where S (b) is the signal intensity at the b-value denoted by the subscript, S 0 is the signal intensity at the b-value of 0, and b is b-factor in Eqs. (1) to (5) . In tri-exponential fitting of Eq (3), the sum of the three parameters f 1 ,f 2 and f 3 became 1. We fitted the signal intensity of b-values in Eqs. (1) to (5) with least square fitting using the Levenberg-Marquardt algorithm. To improve the fitting accuracy and to prevent overfitting in all b-value fitting analyses of the bi-exponential and tri-exponential models, we performed the fitting procedure by the following methods. In the bi-exponential analysis, first, the data of b >200 s/mm 2 were fitted for the single parameter D by the mono-exponential function. In the second step, the curve was fitted for f and D* over all b-values by using Eq. (2), while keeping D constant. The details of this method are provided in a previous report [7] . In the tri-exponential analysis, three-step fitting was performed as follows. We first performed f 3 . The details of this method are also described in a previous report [10] . All parameter calculations were performed on a pixel-by-pixel basis, and finally, all DW model parameter maps were respectively obtained on a pixel-by-pixel basis.
DCE perfusion data calculation
Using the DCE dynamic dataset, we calculated the DCE perfusion parameters K trans (the volume transfer constant between the blood plasma and the EES), v p (the plasma volume fraction) v e (the volume of EES per unit volume of tissue), K ep (the ratio of K trans to v e ) according to the method described based on the two-compartment model; the details of this model are described elsewhere [14] . All DCE parameters were obtained on a pixel-by-pixel basis, and all DCE parameter maps were also obtained on a pixel-by-pixel basis. We used MATLAB ver. 2012a software (MathWorks, Natick, MA) for the calculations of the DWI and DCE perfusion parameters.
ROI setting
A polygonal region of interest (ROI) was placed to delineate the whole tumor lesion in the slice, carefully avoiding necrotic areas, cystic formations and large vessels. First, the ROI was placed on the last phase of the DCE images. This ROI was then placed on the diffusion b0 image with manual adjustment by using anatomical information for the fixation of its location. Finally, all diffusion parameter maps in this ROI were used for the analysis (Fig. 1) . ROI placements were performed by a single neuroradiologist with 19 years of experience. All pixels in the tumor ROI were determined as the target of analysis.
Assessment of the goodness of fit
For the assessment of goodness of fit provided by each model, we calculated the residual sum of square (RSS) on an ROI basis, which is the sum of the differences between observed and expected outcome values. We also calculated the Akaike information criterion (AIC) and the Bayesian information criterion (BIC) on an ROI basis. The AIC and BIC are statistical information criteria used to determine which model fits best to sample observations, reported as follows [10, 15] :
where N is the number of data points, SS is the sum of squared errors, and q is the number of estimated parameters, as described [10, 15] . In tri-exponential fitting, because the sum of the three parameters f 1 ,f 2 and f 3 became 1, the tri-exponential model parameter was considered to have five independent parameters (not six parameters) in the AIC and BIC calculation process. Finally, the AIC and BIC value in each pixel in the tumor ROI was calculated.
Statistical analysis In addition, we compared all of the parameters obtained by the multi-diffusion models and DCE perfusion between the sinonasal cavity group and the pharynx/oral cavity group, using the unpaired t-test. The mean value in the tumor ROI in each parameter map was used to determine its tumor's parameter value. A p-value of 0.05 was accepted as significant.
Results
We analyzed a total of 1,095 pixels on diffusion parameter maps from 12 tumor The details of the calculated parameter are summarized in Table 1 .
In our assessment of goodness of fit, the RSS, AIC and BIC value of the tri-exponential fit was significantly smaller than that of the bi-exponential fit (p<0.01, respectively). The RSS, AIC and BIC values of the SEM fit and the DKI fit were both smaller than that of the mono-exponential model (p<0.001, respectively). There was no significant difference between the RSS, AIC and BIC values of the SEM and DKI models.
The RSS, AIC and BIC values are summarized in Table 2 .
The assessment of the correlations between all pairs of calculated DWI parameters revealed significant correlations in 30 pairs among the total of 91 pairs of parameter combinations in the sinonasal cavity group, and in 31 pairs in the pharynx/oral cavity group.
The correlation coefficients are summarized in Table 3 .
In our assessment of the correlations of DCE perfusion parameters and each fitting model diffusion parameters, we observed significant correlations in nine pairs among the total of 64 pairs of parameter combinations in both of the sinonasal cavity and the pharynx/oral cavity group. Of particular note, a moderate positive correlation coefficient between the f 2 values from the tri-exponential model and v e was observed in both the sinonasal and pharynx/oral cavity groups. All of the correlation coefficients between the perfusion and diffusion parameters are summarized in Table 4 .
In our comparison of all parameters obtained by the multi DW-models and DCE perfusion between the sinonasal cavity group and the pharynx/oral cavity group, only v p was significantly different (p<0.01).
Discussion
All of the DWI parameters obtained by the various diffusion models were successfully calculated in this study, and the results indicated that a better fit was obtained by using the tri-exponential model compared to the bi-exponential model in all b-value datasets. In addition, the SEM and the DKI model were better than the mono-exponential model in the high b-value range (i.e., . To the best of our knowledge, only a few studies have investigated relationships among imaging parameters derived from advanced diffusion models and DCE-MRI in HNSCC [17] [18] [19] , and the present study is the first to b-values as done in the present study. We suspect that the K value and α can be influenced by the balance of the diffusion degree or compartment ratio between the EES and other components such as the cellular component which might be affected by the cell shape, cell size, cell density and cell membrane permeability [21, 22] .
Our study has several limitations. First, only a fixed number (n=12) of b-value data was used. The component detected by the various diffusion models will vary depending on the arrangement/range of b-values. If a very low b-value dataset such as one with five intervals from b=0 to 50 is acquired, the perfusion-related diffusion can be divided into very fast (like an arterial component) and slow perfusion or a venous flow component. A very fast diffusion component was recently reported in a liver study that used a tri-exponential function [23] . In addition, increasing data points in large b-values can influence the tissue diffusion coefficient, the kurtosis value obtained by DKI, and the α value obtained by the SEM. However, considering the acquisition time and signal-to-noise ratio level, we felt that a very detailed analysis would not be appropriate for daily clinical use. Second, we did not perform a repeatability analysis. The repeatability of a perfusion-related diffusion coefficient obtained with bi-exponential fitting was reported to be insufficient [24] . It was still unclear whether sufficient repeatability was obtained or not for perfusion-related diffusion parameters when these advanced fitting models are used as fitting methods. Third, our discussion of the present findings is based on the correlation of DCE perfusion parameters, and we did not compare the results to the histological specimens. Further analysis will be required in the future. Fourth, the results of this study revealed a significant difference in v p between sinonasal and pharynx SCCs; this finding might indicate a biological difference related to the two different primary lesions. However, the diffusion parameters showed no significant differences between these two types of HNSCC. Further sub-group analyses with detailed divisions such as T-stage, genomic information such as the human papillomavirus status, and histological differentiation are necessary to confirm the presence of differences between sinonasal and pharynx SCCs.
In conclusion, the tri-exponential fitting method may divide the slow diffusion component into two elements such as the EES and the cellular component's dominant space.
In addition, the kurtosis value and α provided by the stretched exponential model had a negative correlation; it is possible that these two parameters reflect something similar or represent behavior related to the tissue heterogeneity. These fitting methods of water diffusion behavior can be useful for investigations of the detailed tissue structure for patients with HNSCC. ). This ROI was then placed on the diffusion b0 image with manual adjustment based on anatomical information for the fixation of its location (b; large arrow). Finally, all diffusion parameter maps in this ROI were used for the analysis (b; small arrow). 
